We developed a quantitative assay to measure tumorigenesis on roots and root crowns, the natural sites of Agrobacterium tumefaciens infection. Efficiency of tumor formation and tumor weight on seedlings of Pisum sativum 'Little Marvel' were directly proportional to the logarithm of inoculum concentration. Depth of wounding prior to inoculation also significantly influenced tumor weight but not efficiency. Mean weight of tumors that developed in response to inoculation with strain B6 varied significantly among 34 different commercial cultivars. Tumors on the most susceptible cultivar, Target, were more than tenfold heavier than those formed on the least susceptible cultivar, Sweet Snap. Efficiency of tumorigenesis on 'Sweet Snap' was also relatively low: only 64% of inoculated seedlings developed tumors compared with 89 to 100% efficiencies for all other cultivars. evaluate resistance and susceptibility in Pisum sativum L., a well characterized diploid species that is a known host of A. tumefaciens (16). To initiate studies of crown gall resistance in pea, we established a reproducible quantitative assay for tumorigenesis on roots of intact plants and used it to survey genotypic variation among 34 commercial cultivars of pea.
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MATERIALS AND METHODS

Bacterial Strains and Culture
Single colony cultures of bacterial strains were maintained at -70C in 50:50 (v/v) glycerol:yeast extract-mannitol (YEM) medium. Strain B6 was a gift from J. A. Lippincott (Northwestern University). For assays, cultures were grown overnight on YEM solidified with 0.7% agar and were suspended in water. Inoculum concentrations were estimated turbidimetrically and confirmed by dilution plating.
Agrobacterium tumefaciens is a soil-borne bacterial pathogen that causes crown gall on most dicots and some gymnosperms and monocots (5) . Although most parts ofmany plants are susceptible to experimental inoculation, A. tumefaciens normally infects through wounds in roots and at the rootshoot interface, the crown (18) . Crown gall is among the major disease problems in fruit tree and ornamental nurseries and vineyards (25, 26) .
The host range of individual strains of A. tumefaciens is determined primarily by the Ti plasmid (19, 32) 
RESULTS
Tumorigenesis Assay-'Little Marvel' Visible tumors developed on inoculated 'Little Marvel' plants with 3-mm wounds within 1 week to 10 d and were optimal with respect to tumor size after 2 weeks, after which plants began to deteriorate. Plants were, therefore, removed from pouches and evaluated for efficiency of tumor development and were either sacrificed to determine tumor weight or were transplanted into soil. Disease development was dosage dependent. Above ground symptoms on plants with 3-mm deep wounds inoculated with strain B6 included stunting and chlorosis, and the damage intensified with increasing inoculum concentrations from I04 to I09 bacteria per mL ( Fig. la) . At concentrations greater than 109/mL, plants were severely stunted ( (Fig. 2b) .
Tumor weight was proportional to wound size: for a given inoculum concentration, tumors on plants with 3-mm deep wounds were approximately fourfold heavier than tumors from plants with 1- developed on the least susceptible cultivar, 'Sweet Snap,' whose small tumors only weighed an average of 4 mg ( Table  I ). The efficiency of tumorigenesis also was reduced in 'Sweet Snap': whereas the percentage of tumor development on all other cultivars ranged from 89 ± 3% to 100%, only 64 ± 6% of inoculated 'Sweet Snap' seedlings developed tumors.
DISCUSSION
Crown gall tumorigenesis has been measured in many plants using various tissues, including leaves and stems of intact plants (for example, 5, 17, 22, 28) , and explants ofroots (13) , tubers (1), and cotyledons (15, 27) . Lacking is an assay that is based on infection of host plants at the natural site of infection of Agrobacterium tumefaciens, the root. Different Inoculum concentration (log 10) 96  94  94  98  89  98  91  96  100  95  93  96  93  93  100  100  96  92  97  94  99  90  91  96  97  89   2   2   1  2  3  2  2  1  2  2  5  2  4  1  2  3  4  4  3  4  3  1  2  4   2   1   1   2   2   3   98  3   100  3 to soil and allowed to mature rather than being sacrificed to measure tumor weight. The assay can be adapted to a number of species with different seed types, including sunflower, tomato, potato, and zinnia (MC Hawes, unpublished data).
However, large-seeded, fast-growing plants do better in growth pouches than slow-germinating species with small seeds, which are more susceptible to contamination. The physiology of tumorigenesis in pea has previously been studied by Kurkdjian et al. (16) who used decapitated pea seedlings grown in tubes of agar. Their assay differs from ours in two important respects: (a) tumor development is measured on above-ground tissue rather than on roots, and (b) the assay is destructive, involving the decapitation of the apical meristem. Although their assay would not be appropriate for selecting for disease resistance, their results with respect to tumorigenesis were consistent with our data. Thus, tumors were well developed within 12 d. Furthermore, tumor size was proportional to inoculum concentration, as reported previously (10), presumably because ultimate tumor size is dependent upon the initial number of cells in the wound that are accessible to transformation.
Genetic variation in susceptibility to crown gall has been exploited to analyze resistance genes in grapevine, an economically important host of A. tumefaciens (31 (24) , alfalfa (21), kalanchoe (3), castor bean (7), sunflower (4), soybean (15, 27) , and squash (29, 33) . The results indicate that genetic variation in response to A. tumefaciens is readily detectable in natural populations. However, none of the variation has been detected in a species with the combination of attributes that make pea a useful model organism for this study. First, several highly susceptible cultivars of pea provide good baseline positive controls. Second, susceptibility in these lines is sufficiently uniform that quantitative variation can be detected. Third, the large and fleshy roots of pea lend themselves well to biochemical, physiological, and cytological analysis. Finally, pea is a well characterized diploid species that is readily amenable to genetic analysis, with a well defined genetic map.
Our initial survey of 34 commercial cultivars indicates that significant variation exists in pea, with up to a 10-fold difference in tumor weight between the most susceptible and least susceptible cultivars. A survey of 1200 pea germlines that is in progress has revealed an even greater divergence in response (MC Hawes, Marx, SG Pueppke, unpublished data). The underlying causes of the differences are unknown but are presumably related to reduced efficiency in one or more steps in T-DNA transfer, integration into host cells, expression of T-DNA genes, or plant response to T-DNA produced phytohormones. Quantitative assays for several known or proposed stages that are pivotal in crown gall transformation, including chemotaxis (2, 9) 
